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a two-step strain—relaxation procedure

Akira Sakai,® Ken Sugimoto, Takeo Yamamoto, Masahisa Okada, Hiroya Ikeda, and

Yukio Yasuda
Department of Crystalline Materials Science, Graduate School of Engineering, Nagoya University, Furo-
cho, Chikusa-ku, Nagoya 464-8603, Japan

Shigeaki Zaima
Center for Cooperative Research in Advanced Science and Technology, Nagoya University, Furo-cho,
Chikusa-ku, Nagoya 464-8603, Japan

(Received 5 June 2001; accepted for publication 10 Septembej 2001

A method to obtain high-quality strain—relaxed SiGe buffer layers of®03i substrates is
presented. In this method, the strain relaxation of the SiGe layer is performed using a two-step
procedure. Firstly, a low-temperature-grown SiGe layer, whose surface is covered by a thin Si cap
layer, is thermally annealed. At this stage, the strain is incompletely relaxed and an atomically flat
surface can be realized. Then, a second SiGe layer is grown on the first layer to achieve further
strain relaxation. Transmission electron microscopy has clearly revealed that dislocations are
dispersively introduced into the first SiGe/Si substrate interface and thus no pile up of dislocations
occurs. The formation of a periodic undulation on the growth surface of the second SiGe layer is the
key to inducing a drastic reduction in the threading dislocation densit20@1 American Institute

of Physics. [DOI: [10.1063/1.1419037

The application of SiGe/Si heterostructures to Si-basednethod consists of two strain—relaxation stages; the first of
integrated semiconductor devices allows the possibility fowhich is the annealing of a pseudomorphic SiGe layer with a
improvement in their transport properties. In particular, de<cap layer and the second is the subsequent growth of SiGe on
vices with a strained Si channel are promising candidates fathat layer. This procedure greatly suppresses the pile up of
the realization of mobility enhancement and, therefore, havenisfit dislocations and creates a characteristic dislocation
been extensively studied with regard to their feasibility inmorphology in which dislocations dispersively exist at the
advanced complementary  metal-oxide—semiconductdirst SiGe/Si substrate interface. A considerable reduction of
devices: One of the prominent issues to be addressed for thénreading dislocation density is also verified through trans-
introduction of such heterostructures into a production envimission electron microscop§TEM).
ronment is the quality of the strain—relaxed SiGe buffer layer ~ Growth of SiGe layers was carried out using a solid-
which is used as a virtual substrate to induce in-plane tensilsource molecular-beam epitaxy syst¢MBE) whose base
strain into the Si channel. Since the structural properties opressure was less tharx1.0™ % Torr. After the cleaning of a
the buffer layer directly influence the channel carrier trans-Sj(001) substrate surface, aSGe, 5 layer with a thickness
port characteristics of the device, the buffer layer needs tgn the range of 50 to 100 nm was grown on the substrate at a
have an atomically flat surface and a low threading dislocasubstrate temperature of 400°C, which is lower than that
tion density. It must be also fully strain relaxed to allow ysed in the conventional MBE procedure. Although the
precise strain tuning of the channel. Although compositionthickness range used here is beyond the critical thickness
ally graded layersCGL) have been successfully applied to predicted by the Matthews—Blakeslee thebtige misfit dis-
various types of devicés;" these still have some disadvan- |ocations are kinetically inhibited due to the low growth tem-
tages. For example, CGLs often exhibit surface roughness iperature and, as discussed later, no strain-relaxation was ac-
the form of a so-called cross hatch pattern, which is closelyya|ly observed in these samples. Reflection high-energy
related to the pile up of misfit dislocations introduced intoglectron diffractiof RHEED) patterns also showed 1/8 order
the layer via the specific stain-relaxation mechariisi. giffraction streaks reflecting a (28) reconstruction, which
Furthermore, the CGL is conventionally required to be sevis typical of a strained SiGe film. Next, a thin Si cap layer
eral um in thickness, a value which is too thick for the prac-yith a thickness of 5 nm was grown on the, $be,  layer at
tical monolithic integration of devices. This may become athe same temperature before annealing. The thin cap layer
serious drawback in the time-intensive device fabricationsffectively suppresses surface roughening during the anneal-
process. Therefore, there exists a number of problems t0 Bgg gue to a reduction of the surface stress of the film. A
solved for the implementation of relaxed SiGe buffer layersyetailed mechanism has been described elsewWH&rehe
to integrated devices. ~ sample was then annealed at a temperature ranging from

In this work, we have taken an approach to obtain high-ng ¢ to0 800 °C for 5 min as the first procedure for strain
quality strain—relaxed SiGe buffer layers on(@1. Our  (gjaxation. For the second stage of strain relaxation, a
Siy/G& 3 layer with a thickness ranging from 50 to 400 nm
dElectronic mail: sakai@alice.xtal.nagoya-u.ac.jp was grown on the first layer at 600 °C.
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. FIG. 2. XRD peak profiles for SiGB04) and Si{004) reflections in samples
First, we have checked the effect of the cap layer omefore and after annealing at 600 °C and a sample after the second SiGe
suppressing the surface roughening of the SiGe layars. growth. These samples had 50 nm-thick firsj Sie, 5 layers with a 5 nm-
situ RHEED observations were performed on the surfaces of'ik Si cap layer. The thickness of the second layer was 200 nm. The
. . . . . roken (dotted line indicates the ideal peak position for a completely
the first SiGe layers with and without the cap layer subjectedy ained(100% strain—relaxedSi, -Ge, 5 film.

to annealing. A drastic difference was observed; the surface
WI]E:"I tthe (;ap layer SEOIW ed af]t'lreatﬁytpat.iﬁrn f?ﬁracterlftlc c{;alue from the misfit dislocation density evaluation dis-
a flat surtace morphology, while that without the cap 1ayery, \cqeq The peak shift at this stage was found not to be so

showed a spotty pattern resulting from three-dimensionaiensitive to the annealing temperature. We observed no ad-
clustering of SiGe. This fact is consistent with the previousditional peak shift in samples with the same thickness of

result$® and unambiguously indicates that the cap layer €X5iGe when the temperature was increased up to 800 °C. This

plicitly suppresses the surface roughgning. BY unloadin_g th‘§uggests that during the 600 °C anneal, the first layer almost
samples from the chamber and by using atomic force MiCroSgg; oheg the misfit dislocation density which is determined by
copy (AFM), we measured the root-mean-square roughnesge et stress resulting from a balance between the thickness
and Oobtalned a value of 0.67 nm fox% um” scan for the ¢ 4o strained layer and the self-energy of the dislocation
600 _C—annealed sample with the cap layer. ) created. In fact, we have confirmed the achievement of about
Figure 1 shows the results of a TEM observation of thezqo, girain relaxation in samples with 100 nm-thick initial
sample with the cap layer just after annealing of 600 °C. '”layers after annealing at 600 °C.
the plan-view TEM image shown in Fig.(@, it can be A remarkable degree of strain relaxation was completed
clearly seen that dislocations run along two orthogdha0) after the second SiGey 5 layer growth. In the XRD profile

directions. These dislocations were found to lie at thegpown in Fig. 2, the peak shift corresponding to a-d26
SiGe/Si substrate interface, as shown by the cross sectiongliain relaxation was clearly observed. We have also

TEM image of Fig. 1b), where the flat surface is consistent gyamined defect structures in SiGe after the second layer
with the AFM results. The characters of the dislocations Wergyrowth. Figure 8) is a representative cross sectional TEM
determined by conventional diffraction analysis and by direc{mage of a sample having a SGe, (200 nm)/Si-cap

imaging of their core structuré$ As a result, we found that (5 Nm)/Sh G, (50 NM)/S{00) structure. A smooth inter-
most of dislocations observed here had the characters of 6G3ce with 'no dislocations is clearly observed between the

dislocations with a Burgers vector of th&2(110 type
which is inclined with respect to the interface. The mean
separation between individual dislocations was estimated to
be 100 nm. From this value and the Burgers vector compo-
nent effective in relaxing the in-plane compressive strain, we
find that about 20% of the compressive strain in the SiGe
layer can be relaxed in this initial stage of strain relaxation.
Double crystal X-ray diffractiof XRD) of Si(004) and
SiGg004) reflections was carried out for capped SiGe layers
prepared under various conditions. As shown in Fig. 2, the
SiG4004) Bragg peak in the sample with the 50 nm-thick
first SiGe layer before the 600 °C annealing coincided with
the completely strained $jGe,; peak position. After the al ;
annealing, the pe_ak Shlﬂed. to a higher angle position, due tQIG. 3. Cross sectional TEM images of samples after the growth of a 200
the onset of strain relaxation. The value of:2B% relax- nm-thick second SiGe layéa) with and(b) without a Si cap layer. Note the

ation estimated from the shift is in good agreement with thedifference between the threading dislocation densities in the two samples.
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F _ »4™] parallel to the orthogondlL10) directions. Similar to the case
oo ae e ' of Xie et al,*! the incompletely relaxed first SiGe layer with
- : :: : the cap layer produces a regularly distributed variation in the
o ‘ = . in-plane lattice constant on the surface due to the strain field
T associated with the misfit dislocation network buried at the
interface. Since SiGe islands preferentially nucleate over the
misfit dislocation network, they arrange in an ordered form,
resulting in a surface undulation that conforms to the or-
thogonal(110) directions after the subsequent growth.
Pt s >y Ay P We deduce that this undulation determines the genera-
X § A 4 tion and propagation behavior of dislocations during the
s ssawi e s 4 . growth of the second SiGe layer. By noting that a cusp in the
: ":’ ;: 52 i surface undulation acts as a preferential nucleation site for
0,55 9:2:204000 € misfit dislocations? it is likely that dislocations are simulta-
PSSt neously introduced at every cusp on the surface to relax the
Dot ol BT W +0 P . . . . .
: o e #raiege strain. In other words, the strain relaxation is dominated by
CorssaBir b 45 005 the introduction of new dislocations from the surface rather
than the multiplication of the existing interfacial dislocations
FIG. 4. AFM images of samples after the growth of the second SiGe layervia, for example, a modified Frank—Read mecharfisthus,
The second layers of 200 nm thickness were gréawith a Si cap layer,  the pile up of dislocations is effectively avoided in our case.
ébr)o\)'vvr']ﬂlvoltﬁ : ;' g:g d,:;yeer'.r(c) The second layer of 50 nm thickness was Furthermore, the periodicity of the undulation creates a regu-
lar strain field in the SiGe layer. This greatly enhances the
) ~ possibility of dislocation propagation along tkELO> direc-
second SiGe layer and the cap layer. Note that threadingons for long distances, so that the threading segments then
dislocations are almost absent from the observed area. Wgyye the opportunity to travel the entire length of the sample.
find that almost all misfit dislocations are confined at the firs‘Consequently, pinning of threading dislocations should be
SiGe/Si substrate interface. These dislocations tend to be di%bnsiderably suppressed. By contrast, in the case of the
persed at the interface and the pile up of the dislocationssamme without the cap layer, surface roughening takes place
which is often observed in CGL, is hardly observed. Usingy; the first stage of the strain relaxation. This induces a ran-
plan-view TEM observations, the threading dislocation denyom generation of misfit dislocations, resulting in an in-
sities in these samples were estimated to be on the order gfagsed density of threading segments.
10 cn_1‘2. For comparison, we have also observed SiGe lay- |, summary, we have grown strain—relaxed SiGe layers
ers without the cap layer; the samples were grown by a twopy 5{001) substrates using a two-step strain—relaxation pro-
step procedure in which low-temperature-grown Si&os  cedure. The presence of a cap layer is the key to not only
layers were annealed at 600 °C without forming the cap |aye§uppressing the surface roughening of the first SiGe layer
and followed by a 200 nm-thick $jGey 5 layer growth. Fig-  qyring the strain relaxation process, but also to forming a
ure 3b) shows a typical defect structure with many threadingperiodic undulation in the second SiGe layer surface. This
dislocations observable in the SiGe layer. The threading disgndulation plays an important role in decreasing the number

i i i 0@ 2 _ P . -
location density was estimated to be more that’@® % of threading segments of misfit dislocations and avoiding the
These results unambiguously indicate that the cap layer hasje up of dislocations.

an effect in reducing the threading dislocation density after

the growth of the second SiGe layer. 1Fc'>r example, J. J. WeI;er, J. L. Hoyt, S. Takagi, anc_i J. F. Gibbons,_Tech.
It is evident from the aforementioned results that consid- E'g'sl; '?téifcgma ODZV'$E§$EE24’K37SS(£:4’+ Thm::;e”zrfé T:kii';obe

erable strain relaxation occurs during the second SiGe layerng A?%/oriun'qi, .Tecr?. Dig. - Int. Electron Devices Megg?l934&19.99. '

growth and that this relies on the misfit dislocations intro- 2D. K. Nayak, J. C. S. Woo, J. S. Park, K. L. Wang, and K. P. MacWilliams,

duced into the first SiGe/Si substrate interface. At this /PPl Phys. Letto2 5853(81993- 16 chu and B S M Aol

growth stage, the cap layer plays a crucial role in decreasingphy?ﬁ;’m'& ;g?%(légs_aenger’ -0 LIy, and B, 5. eyerson, Appl.

the number of threading segments from the misfit disloca-4N. sugii, K. Nakagawa, S. Yamaguchi, and M. Miyao, Appl. Phys. Lett.

tions and avoiding pile up of the dislocations. In order to 575, 2948(1999.

reveal this effect of the cap layer, we focus on the interplay 25555- (’i"g%ygrsonv K. L. Uram, and F. K. LeGoues, Appl. Phys. L&8.

between surface morphological Changes and dislocation ir]5F. K. LeGOL.JeS, B. S. Meyerson, J. F. Morar, and P. D. Kirshiner, J. Appl.

troduction. In Fig. 8a), an undulation with a wavelength of  phys.71, 4230(1992.

about 300 nm can be also seen on the surface. Figajes4 M. A. Lutz, R. M. Feenstra, F. K. LeGoues, P. M. Mooney, and J. O. Chu,

an AFM image showing the corresponding surface of thesﬁp\?\'j Dgtsﬁelﬁt'gﬁ d7§4|(£19§26 cesiee, 3. Cryst. Grodh 118 (1674:

second SiGe layer. We find a quasiperiodic surface undula-jyiq 29 273(1975: ibid. 32, 265(1976. ys ' ’

tion, in contrast to the case without the cap layer shown in°N. Ikarashi and T. Tatsumi, Jpn. J. Appl. Phys., Pa862L377 (1997).

Fig. 4(b). The AFM image of Fig. &) shows the surface of '°A. Sakai, T. Tatsumi, and K. Aoyama, Appl. Phys. L&, 3510(1997.

. - Y. H. Xie, S. B. Samavedam, M. Buisara, T. A. Langro, and E. A. Fitzger-
a layer at an earlier stage during the growth of the secondald’ Appl Phys. Lett71, 3567 (1997,

_SiGe layer on top of th? cap layer. In th.iS sample, SiGezp E. jesson, S. J. Pennycook, J.-M. Baribeau, and D. C. Houghton, Phys.
islands are observed which were found aligned along rows Rev. Lett.71, 1744 (1993.

Tk 2. F
B R R
g s ¥

s BB B ¥ e

L L L I LR g

Downloaded 18 Oct 2006 to 133.6.32.11. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



